Bacillus subtilis was first used to remove Sr(II) from low-level radioactive wastewater. Influence parameters, biosorption kinetics and biosorption equilibrium were investigated. The results showed that the maximum adsorption capacity of Sr(II) at over 2,000 mg g À1 by Bacillus subtilis was higher than for other biosorbents. At pH 6.3, Sr(II) concentration of 15 mg L À1 , biomass dosage of 0.3 g L À1 and temperature of 20 W C, the maximum removal efficiency was as high as 96.3% at 1,440 minutes.
INTRODUCTION
A significant amount of the radioactive wastewater produced during the decommissioning of nuclear facilities has caused harm to the environment and seriously threatened human health. The conventional methods for treating radioactive wastewater include chemical precipitation, filtration, ion exchange, electrochemical treatment and redox processes. However, their capital and operating costs are often high, especially when the metal concentration of the radioactive waste is in the range of 1-100 mg L À1 (Hu et al. ) . Because of its high efficiency, low cost, environmental friendliness and easily renewable sorbent, biosorption, as a method for treating radioactive wastewater at relatively low concentrations, has attracted more and more attention (Lovley et al. ; Ahluwalia & Goyal ) . So far, many kinds of microorganisms, including bacteria (e.g., Pseudomonas aeruginosa), fungi (e.g., Rhizopus arrhizus), yeast (e.g., Saccharomyces cerevisiae) and algae (e.g., Chlorella vulgaris), have been studied (Kang et al. ; Aksu & Balibek ; Chen & Wang ) . Nonetheless, the removal efficiency of these microorganisms is not significant, which results in this method being not widely used. Investigations conducted by several researchers have demonstrated that Bacillus subtilis, a Gram-positive, aerobic bacterium that occurs widely in nature, has high tolerance for harsh environments, is the most promising organism for removing heavy metals, such as Pb, Cu, Cd and Au (Daughney & Fein ; Ji et al. ) . For these reasons, this study focuses on the ability of Bacillus subtilis to remove Sr(II) in a simulated solution of the nuclide 90 Sr, a fission product of uranium. The study covers Bacillus subtilis' adsorption capacity, biosorption equilibrium, biosorption kinetics and the parameters that influence biosorption efficiency, such as pH, contact time, initial concentration of Sr(II), temperature etc.
MATERIALS AND METHODS

Biomass preparation
Bacillus subtilis from the Guangdong Culture Collection Center in China was cultivated aerobically in a nutrient broth containing tryptone 10.0 g L À1 , meat extract 3.0 g L À1 and NaCl 5.0 g L À1 , respectively for 48 hours at 37 W C.
then dried in a frozen vacuum. The microbes were then stored in the refrigerator at 4 W C for experimental use.
Preparation of Sr(II) solutions
The stock solution of Sr(II) (1,000 mg L À1 ) was prepared by dissolving strontium nitrate in double-distilled water. Other concentrations (10 mg L À1 , 100 mg L À1 ) were obtained by diluting the stock solution using double-distilled water. The pH was adjusted through 0.1 mol L À1 HNO 3 and 0.1 mol L À1 NaOH to the values selected in the experimental design.
Biosorption experiments
For each experiment, 25.0 mL of Sr(II) solution of known C 0 and a known amount of biomass were placed in a 100 mL conical flask. This mixture was agitated at 150 rpm in a water bath at a controlled temperature. All experiments were conducted in triplicate. The pH in all experiments was unbuffered and the reported pH values were all initial values. The removal efficiency of metal η (%) and the biosorption capacity q (mg g À1 ) of Sr(II) were calculated according to Equations (1) and (2):
where C 0 is the initial metal concentration (mg L À1 ), C e is the equilibrium metal concentration (mg L À1 ), C R is the remaining metal concentration in the solution (mg L À1 ), V is the volume of the solution (L), and w is the mass of the dry biomass (g).
Analytical measurements
The pH was measured using a pH meter (Model PHS À 3C þ , Chengdu Century Fangzhou Science and Technology, Chengdu, Sichuan, China), and the concentration of Sr(II) was analyzed using an atomic absorption spectrometer (AA700, PerkinElmer, Santa Clara, CA, USA). The organic functional groups on the sorbent structure were identified using a Fourier transform infrared (FT-IR) spectrophotometer (Nicolet 6700, Thermo Scientific, Waltham, MA, USA) over a range of 400-4,000 cm À1 .
RESULTS AND DISCUSSION
Effect of pH and biomass dosage
The relationships between pH value, biomass dosage and removal efficiency are shown in Figures 1 and 2 , respectively. The biosorption of metal is closely related to pH, which influences not only the dissociation state of the binding site, but also the solution chemistry of the target metal in terms of hydrolysis, complexation by organic and/or inorganic ligands and redox potentials ( charge to the polymer molecules to adsorb positively charged heavy metal ions, thereby it results in a low efficiency. At higher pH, the sorbents take up more negative charges, which the deprotonation of the functional groups give, thus attracting more metal ions. But if pH exceeds the limit of metal deposition, hydroxide deposition occurs instead (Chang et al. ; Chen et al. ) . The results show that both the removal efficiency and the biosorption capacity by Bacillus subtilis increase with an increase of pH over a range of 3.1-6.3, and reach the maximum at pH 6.3, then decrease when pH in solution exceeds pH 6.3. Apparently, the density of the negative charge on the biomass surface increases with an increase in pH, enhancing electrostatic interactions between the biosorbent and Sr(II), but when pH in solution exceeds pH 6.3, the competition between the hydroxyl ion in the solution and the functional groups on the biomass surface leads to a decrease of Sr(II) removal efficiency and biosorption capacity. So, the biosorption is more efficient at pH 6.3, and further experiments were conducted at that pH. Biomass dosage is an important parameter, which determines the capacity of biosorbent for an initial concentration of the sorbent. The results show that the removal efficiency of Sr(II) rises from 89.68 to 97.60% and the biosorption capacity decreases from 129.18 to 14.82 mg g À1 with an increase of the biomass dosage from 0.1 to 1.0 g L À1 . An increase of the biomass dosage induces the increase in adsorption sites, and the concentration of Sr(II) is certain, which leads to a decrease of biosorption capacity of Sr(II) in per unit mass. Thus, the optimal biomass dosage is 0.3 g L À1 in terms of the removal efficiency and cost effect.
Effect of temperature
To study the effect of temperature on the adsorption of Sr(II) by Bacillus subtilis, experiments were carried out while varying the temperature. The results are shown in Figure 3 . The adsorption temperature affects the cell anabiosis of biosorbent, adsorption thermodynamics and other factors that affect adsorption capacity (Gialamouidis et al. ; Witek-Krowiak ) . Figure 3 shows that there is a rapid increase in the biosorption capacity and the removal efficiency as the temperature increases from 10 to 20 W C. At 20 W C, the biosorption capacity and the removal efficiency are at their maximum. Thereafter, the removal efficiency decreases quickly as the temperature rises, reaching a minimum at 37 W C. At temperatures over 37 W C, the biosorption capacity and the removal efficiency rise slowly as the temperature increases.
According to adsorption experiments at different temperatures for Sr(II) removal, thermodynamic parameters were determined. The thermodynamic parameters, such as free energy (ΔG), enthalpy (ΔH ) and entropy (ΔS), can be calculated from Equations (3) 
where R is the gas constant (8.314 J mol À1 K À1 ), C s and C e are the equilibrium concentrations of Sr(II) ions in the adsorbent and solution, respectively, and T is the solution temperature (K); K c is the equilibrium partition coefficient. The results are presented in Table 1 . As shown in Table 1 , the ΔG values are all negative and the ΔH values are all positive, which indicates that the biosorption of Sr(II) ions on Bacillus subtilis is a spontaneous and endothermic process in nature.
In addition, it can be seen from Table 1 that the ΔS value is positive, suggesting that the randomness increased during the adsorption of Sr(II) on Bacillus subtilis. Figure 3 shows that biosorption capacity is affected by the interaction of the thermodynamics factor and cell activity. On the one hand, thermodynamics parameters indicate that the biosorption of Sr(II) on Bacillus subtilis is a spontaneous and endothermic process, therefore the biosorption capacity increases as the temperature rises. Conversely, it is reported (Chojnacka ) that biosorption by bacteria takes place mainly on their cell wall, where metal cations are bound to functional groups such as hydroxyl groups, phosphoryl groups and carboxyl groups. In general, the biosorption capacity is inversely proportional to cell activity due to differences in the minimal inhibition concentration of metal ions and cellular surfaces of biomass (Gabr et al. ) . In this study, when the adsorption temperature is below 20 W C, Bacillus subtilis activity is low, and the key factor of the adsorption of Sr(II) by Bacillus subtilis is thermodynamics. Consequently, there is an increase in the biosorption capacity and the removal efficiency as the temperature increases from 10 to 20 W C, and the biosorption capacity reaches its maximum at 20 W C. When the temperature increases from 20 to 37 W C, the cell activity increases rapidly, which becomes the major factor of the biosorption. The experiment of incubating frozen dry cells used in this study indicates that a few Bacillus subtilis will recover in appropriate temperature conditions. Therefore, the adsorption efficiency decreased slightly, which is only down by 3.8% compared to its peak maximum at 20 W C. At temperatures above 37 W C, cell activity decreases rapidly, and thermodynamics becomes the main factor once again. As mentioned earlier, the biosorption of Sr(II) on Bacillus subtilis is a spontaneous and endothermic process and the biosorption capacity increases as the temperature rises above 37 W C. So, the temperature for this biosorption experiment was set at 20 W C.
Effect of initial concentration of Sr(II)
As shown in Figure 4 , the biosorption capacity (q) increases linearly with the increased initial Sr(II) concentrations, the removal efficiency (η%) decreases rapidly, and the removal efficiency tends to achieve equilibrium at 60 mg L À1 of initial Sr(II) concentration. The number of active adsorption sites is limited at a given biomass dosage of Bacillus subtilis. At low Sr(II) concentrations, the ratio of the initial concentration of Sr(II) to the available adsorption sites is so low that the removal efficiency of Sr(II) is high. However, at higher Sr(II) concentrations, the available sites of adsorption become relatively scarce, leading to competition at the sites, so the removal efficiency falls. Nonetheless, as stated, the biosorption capacity increases linearly with the initial Sr(II) concentration, and the ultimate ability of Bacillus subtilis to adsorb Sr(II) is quite high, namely, q max > 2,000 mg g À1 , which is the highest value found for biosorption of Sr(II) in the existing literature (Pan et al. ; Ngwenya & Chirwa ) . adsorption occurs in two stages. The first is passive adsorption at the cell surface, which is very rapid and reaches equilibrium after about 10 minutes (η%, 92.4), the second involves transfer of Sr(II) from the cell membrane into the cells, a process that necessarily depends on cellular metabolism, which is very slow (White & Gadd ; Chojnacka ). Therefore, the adsorption kinetics become slow and the removal efficiency drops sharply after 10 minutes. At 1,440 minutes, the removal efficiency reaches a maximum of 96.3% and is nearly in equilibrium.
Kinetic modeling of the biosorption process
To explain these biosorption kinetics, Lagergren pseudofirst-order (Özacar & Sȩngil ) and pseudo-second-order (Özacar & Sȩngil ) equations were applied to the experimental data, as shown in Figure 6 . It is clear that the correlation coefficient of the first-order equation of Lagergren is lower than in the second-order kinetic model. This shows that the kinetics of Sr(II) adsorption by Bacillus subtilis are better described by the pseudo-second-order kinetic model than by the pseudo-first-order one. The linearity of the plot shows the applicability of the pseudo-second-order kinetic model with regression coefficient, R 2 ¼ 0.9999. According to the pseudo-second-order kinetic model, the equilibrium adsorption amount (q e ) is 48.08 mg g À1 and k 2 is 8.99 × 10 À3 g (mg min) À1 . This indicates that the adsorption process of Sr(II) by Bacillus subtilis is not a single physical diffusion process, but consists of two parts, namely, physical diffusion and chemical adsorption.
Adsorption isotherms
The equilibrium adsorption isotherms are one of the most important types of data to understand the mechanism of adsorption. In this study, Langmuir and Freundlich adsorption isotherms are used to study the interaction between the biomass and the metal. The regression coefficient shows that the experimental data can be well described by Freundlich isotherm equation. The isotherms may be expressed, respectively, as Equation (6):
where q e is the equilibrium biosorption capacity (mg g À1 ), c e is the equilibrium concentration of metal in the solution (mg L À1 ). In Equation (6), K f is the Freundlich equilibrium binding constant corresponding to the maximum binding energy, n is a Freundlich constant depicting the sorption intensity (Günay et al. ) .
The isotherm parameters in Freundlich models for the biosorption of Sr(II) by Bacillus subtilis are shown in Table 2 . The regression coefficient of the isotherm, R 2 , and the Freundlich constant (n) seem to support a Freundlich model for the adsorption. In the Freundlich model, the calculated equilibrium biosorption capacity Sr(II) is 2,792 mg g À1 at 20
W C, which is closer to the experimental data. This implies that the biosorption of Sr(II) by Bacillus subtilis cannot fully meet three hypotheses of the Langmuir isotherm model (Febrianto et al. ) and that the biosorption of Sr(II) by Bacillus subtilis is therefore a heterogeneous process, which means that monolayer and multilayer sorption are both involved in the adsorption process.
FT-IR spectral analysis
To identify the mechanism of the interaction between the organic functional groups and Sr(II), FT-IR analysis was carried out. As shown in Figure 7 , the spectrum forms for the biomass before and after adsorption remain basically unchanged, albeit the partial absorption peak intensity decreases and the peak position shifts. This implies that the adsorption process does not damage the structure of the cell surface. The strong absorption peak at 3,424.1 cm À1 is due to the overlap between the Simultaneously, there is a new weak peak at 820.8 cm À1 , due to the formation of covalent/coordination bonds during the adsorption process. In addition, after adsorption (b, c, d), the amide I band/carboxylate (1,650 cm À1 ) and amide II band (1,540 cm À1 ) absorption peaks also drift, showing that the amide bond and carboxylate are also involved in the adsorption process.
CONCLUSIONS
In this study, the Sr(II) adsorption process is found to be highly dependent on pH, biomass dosage, temperature, initial Sr(II) concentration and contact time. At pH 6.3, Sr(II) concentration 15 mg L À1 , biomass dosage 0.3 g L À1 and temperature 20 W C, the adsorption process follows the pseudo-second-order model (R 2 ¼ 0.9999), and the maximum removal efficiency is 96.3% at 1,440 minutes. The adsorption equilibrium is an excellent fit with the Freundlich isotherm equation. The negative values of ΔG and the positive values of ΔH indicate that Sr(II) biosorption on Bacillus subtilis is a spontaneous and endothermic process in nature. The results from analysis of the FT-IR spectra suggest that O-, carboxylate and amide may be involved in the biosorption of Sr(II). With a maximum adsorption capacity of Sr(II) exceeding 2,000 mg g À1 , Bacillus subtilis appears to be a promising biological adsorbent.
